1.. INTRODUCTION {#S1}
================

The kilogram is the only remaining base unit in the International System of Units (SI) that is still defined by an artefact, the International Prototype Kilogram (IPK). The IPK is made of a platinum-iridium alloy and is maintained at the International Bureau of Weights and Measures (BIPM) in Sevres, France. Therefore the unit of mass can only be realized at the BIPM, and must be disseminated to the rest of the world through a chain of comparison calibrations by the world's National Metrology Institutes (NMIs). The NMIs maintain traceability to IPK through periodic comparisons of their 1 kg standard(s), which in most cases are also made of the same platinum-iridium alloy, with the working standards of the BIPM. The NMIs then realize a mass scale from approximately 1 mg up to several thousand kilograms through multiple and sub-multiple calibrations involving their 1 kg standard(s) and working standard artefacts.

Redefinition of the kilogram based on Planck's constant will take place in 2018 \[[@R1]\], \[[@R2]\]. This will complete the redefinition of base units in the SI from artefacts to fundamental constants. When this happens both the watt balance and the International Avogadro Coordination (IAC) project will realize the kilogram in a vacuum environment \[[@R3]\], \[[@R4]\]. But most industry and research laboratories will continue to perform mass metrology in air, so at some point the unit of mass realized in vacuum must be transferred to masses in air. Consequently, methods of transferring the vacuum realization to atmospheric pressure will have to be developed \[[@R5]\].

Currently there are two approaches to establish traceability from the unit of mass realized in vacuum to the mass unit in air: sorption artefacts and a mass comparator utilizing magnetic coupling between air and vacuum \[[@R6]\].

The sorption artefact technique is based on accurately modelling the adsorption process of water and other contaminants from air. The mass of artefacts with similar mass but different surface areas are compared both in air and in vacuum. These measurements are then used to determine the adsorption coefficient of water and other contaminants from air per unit area. This is then used to calculate a correction factor which is simply added to a mass brought from vacuum into air. Measurement uncertainties on the order of several micrograms can be obtained with this technique \[[@R7]\].

The simplicity of simply adding a fixed mass correction value to a mass as it is removed from vacuum is a great advantage. But this is an indirect correction technique which depends on the accuracy of the adsorption model. The adsorption process is very sensitive to the surface state of the masses. It has been shown that adsorption coefficients depend on the artefact material, cleanliness, and surface roughness. Other factors such as oxide layer thickness and composition may also play an important role. Unsurprisingly, there is significant variations in values of reported sorption values \[[@R8]\], \[[@R9]\]. Great care is required to insure the surface state of masses remain identical to those involved in the adsorption modelling measurements.

The magnetic suspension technique, on the other hand, involves a direct comparison of a mass in vacuum with a mass in air. No assumptions based on the adsorption modelling need to be made. [Figure 1](#F1){ref-type="fig"} shows a schematic of the magnetic suspension mass comparator apparatus. In the upper chamber is a commercial mass comparator kept in vacuum on which masses in the upper chamber can be compared. A second weighing pan and carriage are magnetically suspended in the lower, air-filled chamber. This second weighing pan is connected to the mass comparator load cell by magnetic fields which penetrate through the vacuum-to-air boundary flange. This enables direct comparisons to be made between masses in vacuum in the upper chamber with masses in air in the lower chamber.

One challenge of the magnetic suspension technique is that in addition to the 1 kg mass, the mass comparator load cell must also support the upper and lower magnet assemblies, the air weighing pan and the associated support structures. Consequently, the mass comparator must be designed to handle a load significantly larger than 1 kg. For the system described in this paper, the mass comparator has a maximum load of 10 kg and a resolution of 10 µg. It is the goal of this project to achieve an uncertainty of 20 µg for a 1 kg mass. With an anticipated uncertainty of the watt balance at NIST of about 20 µg, the total uncertainty would then be on the order of 30 µg (k=1). This is acceptable for dissemination purposes and not much of a change from what NIST currently can do for customers (≈20 µg, k=1).

In Section 2 of this paper we will discuss our method for calibrating a mass in air using a calibrated mass in vacuum with the MSMC. In Section 3 we discuss how a mass will be transported under vacuum between the watt balance and the MSMC and other facilities requiring a vacuum.

2.. NIST METHOD FOR TRANSFERRING VACUUM MASS CALIBRATIONS TO AIR {#S2}
================================================================

2.1.. Vacuum chamber and mass comparator {#S3}
----------------------------------------

The apparatus is housed in two separate aluminium chambers mounted above one another as shown in [Figures 1](#F1){ref-type="fig"},[2](#F2){ref-type="fig"},[3](#F3){ref-type="fig"}. The upper chamber will house the mass comparator and will be kept under vacuum while the lower chamber will normally be kept at atmospheric pressure. These chambers are constructed out of non-ferromagnetic aluminium so that stray magnetic fields from the magnetic suspension system will not couple to the walls and interfere with the mass measurements. The chambers are rectangular in shape with the upper and lower chambers being 88 cm × 67 cm × 111 cm and 77 cm × 67 cm × 80 cm, respectively. Large rectangular doors provide easy access to components in the vacuum chamber when necessary. Although a maximum pressure of 0.1 Pa would be suitable for removing buoyancy corrections, other factors such as the adsorption of water on to the masses require a lower target pressure on the order of (10^−3^ to 10^−4^) Pa \[[@R10]\]. A magnetically levitated turbo pump produces an effective pumping rate of 134 l/s on the upper vacuum chamber. The ports and windows are sealed with fluoropolymer elastomer o-rings. The large door seals have a differentially-pumped dual o-ring design \[[@R11]\]. Although normally filled with air, the lower chamber can also be evacuated or filled with an inert gas.

[Figure 3](#F3){ref-type="fig"} shows the assembled vacuum chambers housing the MSMC. Two raised platforms on opposite sides of the apparatus provide access to the upper vacuum chamber. The chambers are mounted on a concrete pillar underneath the floor in order to vibrationally isolate the apparatus from the rest of the room, including the raised access platforms. The laboratory has a specified temperature and humidity stability to within ±0.01 °C and ±1 % respectively.

The high precision commercial mass comparator (10 kg capacity with 0.010 mg resolution) is mounted inside the upper vacuum chamber. It includes a mass turntable which can hold up to 3 separate masses under vacuum for comparisons. In addition to the magnetically suspended weighing pan, the lower chamber also contains another mass turntable which can hold up to 4 masses in air for comparisons.

2.2.. Suspension system {#S4}
-----------------------

Two samarium cobalt (SmCo) permanent disk (3.81 cm diameter) magnets with a residual field of 1.16 T provide the necessary magnetic field to suspend both the carriage and mass in air. According to Earnshaw's theorem it is not possible to stably suspend an object with only ferrimagnets \[[@R12]\]. Therefore, dynamic control is required and is provided by a solenoid (75 Ω) wound around the upper magnet \[[@R13]\]. A proportional-integral-derivative (PID) control algorithm is used to stabilize the suspended mass \[[@R14]\]. The PID control system operates with a field programmable gate array (FPGA) that can operate independently of the computer control system. The position of the suspended mass is first determined using a Hall probe mounted on the vacuum-to-air boundary flange between the two magnets. This provides the feedback signal to the PID circuit to stabilize the suspended mass by modifying the current sent to the solenoid.

Mass comparisons with an "A-B-B-A" cycle are performed between masses in the upper vacuum chamber and the lower air chamber. During all measurements the carriage in the lower chamber is suspended, even when there is no mass on this pan. In this way, the mass of the lower weighing pan and associated suspension and support structures will cancel out of the comparison between the vacuum and air masses. In order to insure that the weighing pan is not dropped, it is not suspended when masses are transferred on/off the weighing pans.

2.3.. Gravitational field gradient {#S5}
----------------------------------

One significant difference between the magnetic suspension measurements and a typical mass comparison measurement is that the two masses in the suspension system are being compared at different heights. The local vertical gravitational gradient is therefore used to correct the value of *g*~*n*~ used in the mass comparison calculations. The gravitational gradient in the room which will house the magnetic suspension apparatus was measured with a portable commercial relative gravimeter. The gradient was measured both before and after the installation of vacuum chambers and access platforms \[[@R15]\]. The final results are shown in [Figure 4](#F4){ref-type="fig"}. The masses in the MSMC will be separated vertically by (1.082±0.001) m and located at the corresponding points A and C in the figure. The resulting gravitational gradient is −2.74×10^−6^ s^−2^ and would result in a correction on the order of 300 µg.

3.. VACUUM MASS TRANSPORT {#S6}
=========================

3.1.. Mass transport vehicle {#S7}
----------------------------

NIST will realize the new kilogram with the NIST-4 watt balance \[[@R16]\]. The watt balance and the magnetic suspension system are located in different laboratories at NIST and it is necessary to transport masses in vacuum between the two apparatus. This will be accomplished with a mass transport vehicle (MTV) which is essentially a mobile vacuum chamber (see [Figure 5](#F5){ref-type="fig"}). It is built mainly out of copper-gasket-sealed, stainless steel, vacuum components. It is not necessary to use non-ferromagnetic components since the MTV will not be attached to the magnetic suspension apparatus during measurements. Only the gate valve has o-ring seals. The MTV connects to the other vacuum chambers with an ISO band clamp so that it can easily be connected and disconnected. A hot cathode ion gauge is used to monitor the vacuum and an ion pump is used to maintain the vacuum (\<1×10^−3^ Pa) during transport. The ion pump can be battery operated to aid in keeping the pressure low during transport. Both the ion gauge and the ion pump are oriented in a way there is no direct line of sight between them and the mass to prevent possible ion sputtering onto the mass.

[Figure 6](#F6){ref-type="fig"} shows a cutaway view of the interior of the MTV. Masses being transported will sit on a slotted block in the center of the vehicle. Circular indents designed to match several different types of masses keep the mass from sliding sideways during transport. Three triangular wedges made from polyether ether ketone (PEEK) support the top of the mass to prevent it from tipping over. All other surfaces which could come into contact with the mass are coated with a "white bronze" tri-alloy (Cu-Sn-Zn) to prevent material from being transferred to the mass. The slotted block and triangular wedges can be independently raised and lowered so that the mass can be placed on a transfer fork from the load lock which enters the MTV through the gate valve. The transfer fork when loaded with 1 kg and fully inserted into the MTV may sag by approximately 1 cm. In order to vertically and horizontally align the transfer fork with the slotted block, a PEEK ramp supports the fork at the proper height.

3.2.. Load lock system {#S8}
----------------------

Masses are transferred from the MTV into the magnetic suspension upper vacuum chamber through a load lock which maintains the mass under vacuum during the transfer process. The load lock is built using a 6 way cross as shown in [Figure 7](#F7){ref-type="fig"}. The front flange of the 6 way cross is an ISO band clamp to which the MTV will be connected. Once the MTV has been attached, the load lock is evacuated with an independent turbo pump station. Once a suitable (≈10^−3^ Pa) vacuum is obtained in the load lock, the gate valves on the MTV and the load lock can be opened. Mass fork 1 in the back of the chamber, which is attached to a long linear vacuum translator, is moved into the MTV to transport the mass back to the center of the load lock. The transfer platform which is composed of an array of rectangular posts can then be moved upward to pick the mass off the mass fork. Mass fork 2, perpendicular to mass fork 1, is then moved into a position underneath the mass and between the transfer platform posts. The transfer platform can then lower the mass onto fork 2. This mass fork then transfers the mass onto the circular mass turntable of the mass comparator. The tines of mass fork 2 have different lengths so that the mating slots in the circular mass turntable for different mass positions will not intersect. Mass fork 2 is finally retracted and the gate valves closed. After venting the load lock, the MTV can be detached and removed before the mass comparison measurements are initiated. As with the MTV, all surfaces in the load lock which come into contact with the mass are coated with white bronze.

4. CONCLUSION {#S9}
=============

The Mass and Force Group of NIST has built a magnetic suspension system which will enable the direct comparison of a mass in air with a mass in vacuum using the same mass comparator. This is accomplished by using a magnetic suspension technique to couple a mass in the lower chamber (atmospheric pressure) to a mass comparator in the upper chamber (vacuum). The system is currently undergoing stability testing and evaluation of systematic effects. This system will become part of the NIST mise en pratique, the set of instructions for realizing and disseminating the kilogram, after redefinition. A mass transfer vehicle and load lock system will enable masses to be transported under vacuum from the NIST watt balance to the magnetic suspension apparatus and to other facilities operating under vacuum.

![Schematic of the magnetic levitation principle used in the magnetic suspension mass comparator. The all-aluminium vessel has an upper chamber containing a vacuum compatible mass comparator and a lower chamber for the mass in air to be compared with the upper masses in vacuum.](nihms-1516054-f0001){#F1}

![Illustration of magnetic suspension mass comparator facility with vacuum door opened.](nihms-1516054-f0002){#F2}

![Magnetic Suspension Mass Comparator. a.) Upper Vacuum Chamber, b.) Lower (atmospheric) chamber, c.) raised access platforms.](nihms-1516054-f0003){#F3}

![Variation of gravity vs. height in the magnetic suspension laboratory. the air and vacuum masses will be located at the positions corresponding to data points A and C respectively. Uncertainty bars represent 1σ of the measurements.](nihms-1516054-f0004){#F4}

![Mass transport vehicle.](nihms-1516054-f0005){#F5}

![Illustration of the MTV interior.](nihms-1516054-f0006){#F6}

![Illustration of a typical load lock.](nihms-1516054-f0007){#F7}
